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ABSTRACT

Baugh, C. L. (Fort Detrick, Frederick, Md.),
A. W. Axprews, axp M. J. Surcarra. Effects of
bicarbonate on growth of Pasteurella pestis. ITI.
Replacement of bicarbonate by pyrimidines. J.
Bacteriol. 88:1394-1398. 1964.—The effect of earbon
dioxide on the growth of virulent Pasteurella
pestis cultures at 37 C with aeration was studied
by substituting known produets of earbon dioxide
fixation for bicarbonate in the test system. The
growth of the virulent cells in the inoculum is
stim»lated and the culture remains virulent, if
bicarbonate is replaced by orotic acid. The addi-
tion of cytosine, uracil, or citrulline also resnlts in
the retention of virulence, but the effect on the
growth of the virulent cells is not as pronounced
as with bicarbonate or orotic acid. It is proposed
that an impaired pyrimidine synthesis due to a
deficiency in carbamyl phospliate is responsible
for the loss of virulence by P. pestis in aerated
vroth cultures at 37 C. The carbamyl ph.asphate
deficiency may be enhanced by the loss of meta-
bolically produced carbon dioxide at 37 C.

—— e e e

The nutritional requirements of Pasteurella
pestis are more exacting at 37 C than at tempera-
tures below 30 C (Hills and Spurr, 1952; Higuchi
and Carlin, 1958). Virulent strains of P. pestis
in broth cultures aerated Ly agitation were
shown to have a temperature-dependent growth
requirement in a complex medium (Fukni et al.,
1957). This growth requirement, which ap-
parently does not exist at 26 C or in static or
anaerobic cultures at 37 C, can be satisfied with
supplemental sodium bhicarbonate (Delwiche et al.,
1959; Surgalla, Andrews, and Baugh, 1964) or by
caleium, stromntium, or zinc ions (Higuchi,
Kupferberg, and Smith, 1959).

Several heterotrophic  organisms must  be
supplied with supplemental carbon dioxide for
growth, even in a complex medium (Griffin and
Racker, 1956; Mueller and Hinton, 1941; New-

ton, Marr, and Wilson, 1954; Steininan, Oyama,
and Schulze, 1954). Witli some organisms, the
carbon dioxide requirement can be replaced with
produets of carbon dioxide fixation reactions o1
closely related compounds, such as dicarboxylic
acids (Ajl and Werkman, 1948); adenylic acid
(Pappenheinter and Hottle, 1940); a mixture of
guanine, uracil, and cytosine (Tuttle and Scherp,
1952); and a combination of uracil, oxaloacetic
acid, and hypoxanthine (Griffin and Racker,
1956).

This study dentonstrates that the temperature-
dependent requirement for supplemental carbon
dioxide or metal ions of a virulent P. pestis
strain can be satisfied with orotic acid and, to a
lesser degree, with cytosine, uracil, (r citrultine.

MaTteriaLs AND MEeTHons

The growth conditions, the method of deter-
mining virulence by intraperitoneal injection of
mice, and the use of magnesium oxalate-agar and
blood-agar base (BAB) plating media for differ-
ential enwineration of avirulent cells were de-
seribed elsewhere (Surgalla et al., 1964). All test
eompounds were sterilized by filtration through
sintered glass, and were studied at a concentra-
tion of 0.01 M, unless the concentration is specifi-
cally mentioned.

REesuLts

The aerobic growth pattern obtained with an
inoculum from the virulent Alexander strain of -
P. pestis in modified Brain Heart Infusion broth
at 37 C is shown in Fig. 1. The total viable count
(BAB) and the viable count of the avirulent cells
(Mg oxalate agar) are essentially the same at 24
hr and are equal at 48 . Thesc results indicaie
that under these conditions the virulent cells do
not start to grow or, if they do grow, they have a
very long lag phase as compared with the aviru-
lent mutants present in the inoculum.
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vic. Y. Effect of NaHCO; on the growth of «
virulent Pasteurella pestis culture.

Figure 1 also shows the response obtained under
the same cultnral conditions when the growth
medimn is supplemented with 0.012 M =odium
bicarbonate. The two-log differential between
the BAB ana Mg oxalate-agar counts at 24 and
48 hr indicates that the virulent cells are able to
grow under these conditions and that the culture
is stilb virulent.

Carbamyl aspartate is one of the radioactive
compounds formed when washed eells of avirulent
P. peslis strain \-3 are inenbated with 4O,
(Baugh, Lanham, and Sorgalla, 1964). Because
arhamyt aspartate was shown to be an interme-
diate in pyrimidine synthesis (Yates and Pardee,
1956), it and other intermediates of pyrimidine
metabolism were tested for the ability to support
the growth of virulent eclls under our growth
eonditions. Of the pyrimidine compounds tested,
orotic acid showed the greatest influence on the
growth pattern of the virulent enbtures (¥ig. 2).

At least a two-log differential be(ween the
BAB and Mg oxalate counts resuls when 0.01

M potassium orotate s added. These resnlts
demonstrate that, under these conditions, the
inereased total comt 1= indeed due to the growth
of virulent eells. A lower coneentration (C.0075 a)
of orotate stimulates the growth of the virulent
cells, ad results in a two-log differential for 24
ir; however, at 48 hr, the two counts are equal.
At a Ligher coneeniration (0.013 ), hoth viable
connt= deerease when measured at 24 hr, bt a
two-log differential between the two comnts is
maimtained at 24 and 48 hr. The results arve
quite similar to those obtained with NaHCO,
(Surgalla et al., 1964).

Cytosine al<o stimulates the growth of virulem
cells under our cultural conditions, but maintains
a two-log differential for only 24 hr (Fig. 2).
Ineveasing the evtosine concentration to 0.02 u
doos not significantly change the growth pattern.
The addition of uracil gives essentially the same
result= as those obtained with evtosine (Table 1).

The possibility  that  orotate, evtosine, or
uracil i simply supplving the virulent cells
with earbon dioxide has not heen eliminated;
however, other compounds known to be deear-
boxylated by P. pestis, such as Krebs evele inter-
mediates, will not replace NaHCO; .

Carbanmyl phesphate i involved in the biosyn-
thesis of eitrulline as well as the pyrimidine: ;

Viable Cells per mi

105} ,;, —~—Tolal Viable Counl
/i {virulen) and avirulenl cells)

/i —-=-Avirulenl counl
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10 \ !

w 24 48
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¥16. 2. Effect of K orolate and eytosine on the
growth of @ virulent Pasteurella pestis culture.
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TABLE 1. Effect of rarious coupowrds related to carbaioyl phosphale on the groeth of rirwdent
Pasteurella pextis caltures®

Viable count

AddiGon Concn M hr ! I8 hr
BAB Mg oxalale BAHB M;z oxalate
M

None. ... 4.0 X lip® 59X 104 1.5 X 1 1.5 X 1t
NaHCO;. ... ... . ! 0.012 2.0 X ue 1.0 X 102 6.8 X I 1.2 X 10
NHHCO;. ... .. . 0.012 9.9 X 10° 2.1 X 108 3.9 X 10» 9.0 X WF¢
NaaCOs. ... 0.006 1.8 X 102 1.9 X 103 9.0 X ¢ 8.7 X 108
(NH):CO5.. ... = o dT 0.006 1.3 X 10° 3.2 X 108 1.4 X 108 1.6 X 10%
(NH)COs. . ......... ... 0.003 1.2 X 108 5.0 X 1B 2.4 X 10» 1.4 X 108
Uraeil. .. ... ... ... : 0.01 1.0 X 10% 37X 108 1.4 X ¢ 1.3 X WF
Arginine ... ... 0.06 8.2 X 108 1.3 X 163 1.OX 105 1.3 X 10
Citrulline. . .............. 0.054 1.8 X 10* 3.4 X 108 1.0 X 10¢ 3.2X WF

* Inoculum consisted of BAB (blood-agar base),

raBLE 2. Maintenance of virulent Pasteurella
pestis populations by NaHCO; | K orotate,
and cyiosine

Meuse intraperiloneal LDso with 937
confidence Jimits®

Supplement  Conen Age of culture Age of culiure
24 hr 48 he
Lps; | Limils LDsnl Limils
v
None. ..., 15 (8-27) 4,500 (2,500-3,200)
NalHCO;. . 0,012 12 6260 22 (15-4)

Orotate, K
salt.... .. 001 3 15 5 {3-9)
Cytosine. .. 0.01 1 (2-8) 12 (7-21)

* Initial intraperitoneal mouse Lb:a before
incubation at 37 C was 135, with 937 confidence
Hmits of 82 to 225,

therefore, arginite and citrulline were also tested
for the ability to replace NaHCOQO; (Table 2).
The addition of arginine at several coneentrations
up to 14, did not inflnence the growth pattern
of the virulent cells. Supplemental citrulline
stintlates the growth of virulent eells, and the
culture usually remains virulent onlyv if the con-
centration s inereazed 10 0.054 .

The results with the effeetive concentration of
citrulline were quite erratie. Tie virulent popula-
tion of the culture sometimes was ereased and
wax greater than the avirulent population at 24
but not at 48 hr. The variations m the results,

1.2¢ X 10%; and Mg oxalate, 1.02 X 103,

and the requirement for a high concentration of
citrnlline, probably indicate that tie cells are
not freely permeable to citrulhine,

In investigating further (he bicarbonate re-
quirement of virulent eells, it was found that
ammonium or sodinm carbonate was effective at
0.006 M or one-half the efieetive concentration of
sodlium or ammoniinn  bicarbonate (Table 1).
Although the addition of ammoninm carbonate at
0.003 M resulted in only a twofold differential
between the BAB and Mg oxa'ate counts, the
L of the cultures was 78 at 72 . whereas the
Lo Of the unsupplemented culiure was 40,000.

Carbamyl phosphate, which is unstable in
solution and decomposes to evanate (Jones,
1063), did not support the growth of virulent
cells) and was slightly inhibitory to the avirulent
population. Carbamy1 aspartate, earbamyl phos-
phate pli= aspartate, dihydroorotate, evtidine,
ey tidine monophosphate, thymine, and thymidine
will not replace NaHCOQ; at the concentrations
tested. None of the intermediates of the citrie
acid cyele, purines, or purine derivatives tested
influenced the retention of virulence in our sys-
tem.

The Lbsp values, determined at the same time
intervals ax the viable counts, demonstrate that
orotate and eytosine int acuee the retention of
virulenee at 37 ¢ with aeration as well as NaHCO,
(Table 2). The low by value obtained when
evtosine 15 added confirms the initial growth
stimulation of virulent eells by this compound
as determined with the BAB and Mg oxalate
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connts, FEven thongh the avirulent count is almost
the same as the total count at 48 hr, the virmlent
cells mow well enongh to maimtain the vielence
of the eulume.

IhscussioN

The virnlent eells in an inoeulum of . pestis
will grew in eertain broth mediz at 26 ¢ with
or withomt aeration aud at 37 C if the enlume is
mcubatal statically or anacrobically. However,
when ihe calunre is agitated at 37 C, the virnlem
cells either have a very long lag-phase or do not
grow, and the enlture loses virulence owing to the
rapid growth of the avirulent mmants alwavs
present in the inoenhnm.

This loss of virnlence by the acrobically grown
cultnres at 37 ' can be prevented by the addition
of 0012 M NaHCO; or 0.002 M CaCls. The ap-
pearance of a bicarbonate  deficieney only in
agitated enlures gt 37 ¢ indicates that the Joss
of COs fromr the enlinre medium may be involved
in the loss of vinlence. Because statie cultures
at 37 C do ot rapidly lose vimlenee, agitation
of the enltnre appears to be the major factor in
the loss of the COs. The =olnbility of €0, is
less at 37 them at 26 C, and wonld furtlier in-
tinence the loss.

The role of caleinm ions in the growth of viru-
lemt P. pestis i= still unknown. One possible
function of the supplemental calemnm, althongh
it may be minor, conld be to prevent the loss of
C'O: from the enltnre by forming caleium embon-
ate,

The results obtained by Ogg et al. (1958) =np-
port the proposal that the los< of COs from the
culture medium, with a resulting bicimbonate
ad carbonate deficiency, ix the primary reason
for lox< of virlenee. These authors fonnd that,
if the imitial pH of the cultire was 7.8, the cultnre
wus still virulent at 72 he, Thiz pH would tend to
retain any metabolically produced €O, in the
fortn of bicarbouate :md carbonate.

The failnre of the virulent cells to mitiate
growth is evidently related to pyrimidine or
citrullime biosyntheses, bhecause NaH(C' (3 ean be
replaced with orotie acid aid, to a lesser extent,
with evtesine, uracil, or citrnllime. The major
function of the supplemental NaHCO; would
appear to be the cuhmeement of embamyl
phosphate prodnetion, beeause it is n connmon
precursor  of the pyrimidines @i citrulline.
Carbainyl phosphate is formed from  carbmmie

acid, which is i eqailibrium with carbonate and
bicarbmrate ions as well as dissolved ('0. and
NH,.

The resnlts obtained with the addition  of
aminonimn carbonate also snpport the view that
a deficieney in carbonate or carbamate needed
for svuthesis Hf carbamyl phosphate is the major
reasoir for the failmre of the virulent ecells to
mitiate growih, Annsouimn carbonate whieh is
in equilibvium  with anmoninm  carbamate is
almost four times sx effective as is NaHCO; .

The specific reason why the virulent cells
require a higher carbon dioxide or carbamate
concentration than do the avirnlent mntants m
the moenlum 1= still nnknown. Recause supple-
mental bicarbonate is effective, no thermal or
oxidative inactivation of enzymes directly eon-
cerned  with  pyrimidine  biosvnthesis  after
carbamyl phosphate formation is indicated. The
virulent cells, however, may lack a carbamyl
phosphokinase specifie for pyrimidine biosynthe-
=iz, or the enzyme may be altered at 37 C to
regnire a higher concentration of carbamate. If
carbamate is formed enzymatically in P. pestis,
the virulent cells eould be deficient in this enzyme
at 37 (. In the latter instance, the supplemental
bicarbonate would relieve the enzymatie defi-
cieney in a nonenzymatic manner by supplving
additional carbonate and carbamate.

The temperature-dependent biotin requirement
of P. pestis at 36 C (Brownlow and Wessman,
1960) muy also be related to a deficieney in
carbamyl  phosphate. The nitrogen and the
carbamy’l earbon of the ureido group of hiotin are
derived from earbamyl phosphate (Lynen, 1963).°
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